Lead(II) ion-imprinted functionalized sodium trititanate whisker polymers [Pb(II)-IIPs/Na 2 Ti 3 O 7 ] for solid-phase extraction (SPE) were prepared by the copolymerization of Pb(II) as the template ion, chitosan (CTS) as the functional monomer and γ-glycidoxypropyl trimethoxysilane (KH-560) as the linking agent in the presence of sodium trititanate whiskers (Na 2 Ti 3 O 7 ) as the carrier. The Pb(II)-IIPs/Na 2 Ti 3 O 7 materials capable of selectively adsorbing Pb(II) ions thus obtained were used for the pre-concentration and determination of the Pb(II) ion concentration in Chinese traditional medicine samples. The prepared sorbent was characterized by Fourier-transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM).
INTRODUCTION
Toxic elements such as Pb, Cd and Hg are not required for the normal functioning of living processes and no beneficial health effects are known as a result of their presence in the human body (Foster and Sumar 1997; Salgueiro et al. 2000) . Of these toxic metals, lead is that most commonly encountered as a toxic pollutant in the environment; this arises from its current and previous use in batteries, gasoline and paints. Lead is known to cause health problems, such as digestive, neurological, cardiac and mental troubles. Several techniques have been employed to treat such problems (Mason et al. 2009; Ghiaci et al. 2007) .
Although much progress has been made in recent years in analytical instrumentation, the determination of trace amounts of Pb(II) ions in environmental samples is sometimes difficult due to various factors, in particular its low concentration and matrix effects. Under such circumstances, in order to determine trace levels of Pb(II) ions, preliminary separation and enrichment steps are necessary to eliminate any matrix components and to improve the detection limit (Suleiman et al. 2009 ). Several methods have been proposed for the separation and preconcentration of trace Pb(II) ions including liquid-liquid extraction (Komjarova and Blust 2006; Ide et al. 1983; Pereira et al. 2009), co-precipitation (Doner and Ege 2005; , flotation (Drzymala et al. 2003) , cloud point extraction (Candir et al. 2008; Maranhão et al. 2005 ; Citak and Tuzen 2010) and solid-phase extraction (SPE) (Suleiman et al. 2009; Barbosa et al. 2007; Li et al. 2008) . Of these techniques, SPE is often used for sample clean-up and the pre-concentration of trace levels in aqueous samples.
The main problem associated with SPE is its low selectivity. For this purpose, molecularly imprinted polymers (MIPs) capable of producing materials with "antibody-like" selectivity are extensively employed. Such cross-linked polymers contain specific recognition sites with a pre-determined selectivity for analytes of interest (Rezaei et al. 2009; Tominaga et al. 2009; Escalante et al. 2009; Ariffin et al. 2007; Esteban and Fresenius 2001) . The imprinting process consists of three steps: (i) selection of the target analyte as a template, (ii) incorporation of the template into a polymer network and (iii) removal of the template leaving stable, selective cavities that recognize the target analyte (Guardia et al. 2008) . However, the conventional techniques used to prepare MIPs most often result in materials exhibiting high affinity and selectivity, but poor site accessibility for the target molecule (Zhao et al. 2010; Lin et al. 2010; Jiang et al. 2006; Gao et al. 2007) .
A combination of grafting imprinted polymer with the imprinting technology and imprinting template molecules on various substrates has now been developed to take advantage of the large surface areas available for effectively increasing the number of imprinting sites (Li et al. 2009 ). Surface-imprinted polymers prepared by this technique show many advantages, including high selectivity, more accessible sites, fast mass transfer and binding kinetics (He et al. 2007; Zhang et al. 2008) , because it avoids high embedment and retains a better site accessibility for the target molecules. The present work reports a rapid method for the extraction and pre-concentration of Pb(II) ions from aqueous solution by Pb(II)-IIPs/Na 2 Ti 3 O 7 . The Pb(II)-IIPs/Na 2 Ti 3 O 7 materials were prepared through the use of surface-imprinting technology. The effects of the pH of the aqueous solution and the adsorbent dosage which influence the adsorption of Pb(II) ions were studied. The adsorption isotherm and scheme are explained.
EXPERIMENTAL

Apparatus and reagents
A Vista MPX plasma emission spectrograph (Varian Corp., Palo Alto, CA, U.S.A.) was used to determine the concentration of metal ions in aqueous solution, employing the following wavelengths: Pb, 220.353 nm; Ni, 231.604 nm; Cd, 214.439 nm; Co, 238.892 nm; Cu, 327.395 nm; Hg, 184.887 nm; Mn, 257.610 nm; Zn, 213.857 nm; and Mg, 279 .553 nm. A hollow cathode lamp was used as the radiation source. A model pHS-3c digital pH meter, an 802 centrifugal precipitator (Shanghai Surgical Instruments Factory, P. R. China), a DHG-9140A electric thermostat blast oven (Shanghai Heng Technology Co., Ltd., P. R. China) and an SHZ-D(III) circulating water pump were all used in this work. Scanning electron microscopy (SEM) images were obtained at 15.0 kV via a field emission scanning electron microscope (Sirion, Tampa, FL, U.S.A.) employing gold-plated samples. Chitosan (CTS) with a degree of de-acetylation > 90% (Guoyao Chemical Reagents Corp., P. R. China) and KH-560 (Nanjing Shuguang Chemical Corp., P. R. China) were used in the present work. Sodium trititanate (Na 2 Ti 3 O 7 ), as obtained from the Shanghai Whisker Composite Material Co., Ltd., Shanghai, P. R. China, was activated with 3.0 mol/ᐉ HNO 3 . A stock Pb(II) ion solution (1.0 mg/mᐉ) was prepared by dissolving Pb(NO 3 ) 2 (Guoyao Chemical Reagents Corp., Shanghai, P. R. China) in doubly-distilled water (DDW), with the subsequent working solutions being obtained by further dilution of this stock solution. A similar procedure was employed for the preparation of the other metal ion solutions employed. A.R. chemicals were used throughout, while all dilutions were conducted employing doubly-distilled water (DDW).
Sample preparation
Chinese traditional medicine samples were obtained from the Zhenjiang Cunrentang Pharmacy (Zhenjiang, P. R. China). Sample preparation was carried out by the following procedure. All samples were washed and air-dried at 80 ºC for 6 h to constant weight. Then, 0.2 g of each sample was transferred to a series of Teflon beakers and 4.0 mᐉ of HNO 3 and 2.0 mᐉ of H 2 O 2 added to each. After standing at room temperature for 10 min, the individual samples were first digested in a microwave system for 1 min at 0.5 MPa, then for 2 min at 1.0 MPa and then, finally, for 3 min at 1.5 MPa. The resulting clear solutions were transferred to a 50 mᐉ beaker and their volumes adjusted to 50 mᐉ using 2% HNO 3 .
Preparation of Pb(II)-IIPs and non-IIPs
The following method of preparation was employed. CTS (1.0 g) and 0.1 g of Pb(NO 3 ) 2 were dissolved in 40 mᐉ of a 0.1 mol/ᐉ aqueous acetic acid solution with continuous stirring at room temperature for 1 h, after which 40 mᐉ of KH-560 was added. The subsequent reaction was allowed to proceed for 4 h at 25 ºC with continuous stirring at 300 rpm. The product obtained was subjected to ultrasonication for 20 min to achieve uniform dispersion. To this dispersion was added Na 2 Ti 3 O 7 (120 mg/g) with vigorous stirring. The suspension thus obtained was stirred at room temperature to both complete the cross-linking process and induce gelation. The gel produced was filtered off, washed first with 3.0 mol/ᐉ HNO 3 to remove any unreacted Pb(II) ions from the polymer and then with DDW, before being dried under vacuum at 50 ºC for 24 h. The non-IIPs/Na 2 Ti 3 O 7 was prepared using an identical procedure without the addition of Pb(NO 3 ) 2 . A schematic representation of the preparation of Pb(II)-IIPs/Na 2 Ti 3 O 7 is shown in Figure 1 .
SEM, FT-IR studies and surface area analysis
The structural characteristics of Na 2 Ti 3 O 7 , CTS, Pb(II)-IIPs/Na 2 Ti 3 O 7 and non-IIPs/Na 2 Ti 3 O 7 were investigated by SEM and FT-IR methods.
Adsorption capacity measurements
To study the adsorption behaviour of Pb(II) ions under static conditions, a portion of the sample solution containing 0.20 mg Pb(II) ions was transferred to a 50 mᐉ flask. The pH value was adjusted with dilute HCl or aqueous ammonia as necessary and the final volume adjusted to 50 mᐉ with DDW. To this solution was added a known amount of Pb(II)-IIPs/Na 2 Ti 3 O 7 and the resulting solution stirred vigorously for 5 min to facilitate the adsorption of Pb(II) ions onto the sorbent. After this stage, the solution was allowed to stand for 30 min before centrifugation. After centrifugation, the concentration of non-adsorbed ions in the liquid phase was determined directly by ICP-AES methods. The corresponding adsorption capacity (Q) was calculated via equation (1): (1) where C 0 and C t correspond to the initial and equilibration concentrations of Pb(II) ions, respectively, while V is the volume of the solution and m is the mass of adsorbent employed.
Selective adsorption experiments
In order to study selective Pb(II) ion adsorption by Pb(II)-IIPs/Na 2 Ti 3 O 7 , a solution containing a mixture of Pb(II), Ni(II), Cd(II), Co(II), Cu(II), Hg(II), Mg(II), Mn(II) and Zn(II) ions was prepared. ICP-AES was used to determine the concentrations of the various varieties of ions present in aqueous solution. The effect of imprinting on the selectivity was defined as in equation (2): where K d is the distribution coefficient, C i and C f correspond to the initial and final solution concentrations, respectively, V is the volume of solution used for extraction and m is the mass of adsorbent employed. The selectivity coefficient (k) for the binding of a specific metal ion in the presence of competitor species can be obtained from the equilibrium binding data according to equation (3):
( 3) where K d [M] is the distribution coefficient of the competitive metal ions. The relative selectivity coefficient, k′, is given by equation (4):
where k i and k n are the selectivity coefficient of Pb(II)-IIPs/Na 2 Ti 3 O 7 and non-IIPs/Na 2 Ti 3 O 7 , respectively. A comparison of the k′ values for each metal ion could enable a prediction to be made regarding the effect of imprinting on the selectivity.
RESULTS AND DISCUSSION
FT-IR spectral characteristics
The FT-IR spectra for KH-560, Pb(II)-IIPs/Na 2 methyl and methylene corresponding to the peaks at 2925 cm -1 and 2857 cm -1 , respectively, the peak at 1660 cm -1 being attributed to the C=O group of the NH-C=O stretching vibration, the peak at 1585 cm -1 corresponding to the N-H bending vibration while the peak at 1090 cm -1 may be attributed to the C-OH stretching vibration. For Pb(II)-IIPs/Na 2 Ti 3 O 7 (trace b), the peak at 1672 cm -1 can be attributed to the N-H bending vibration -which occurs at 1585 cm -1 in the trace for CTS -while the characteristic peaks for the O-H and N-H stretching vibrations at 3406 cm -1 become weak. This could be attributed to the reaction between CTS-Pb and KH-560. The hydroxy or amido groups in CTS can bind Pb(II) ions to form O-Pb or N-Pb bonds and the subsequent polymerization of CTS-Pb with KH-560 which leads to a decrease in the number of hydroxy or amido groups causes the O-H and N-H stretching vibrations to become weaker as a result. The lack of peaks at 1660 cm -1 in the spectrum for the synthesized Pb(II)-IIPs/Na 2 Ti 3 O 7 (Figure 2, trace b) corresponding to the C=O group of the NH-C=O stretching vibration can be connected with the reaction between KH-560 and CTS. A comparison of the peaks for CTS at 1092 cm -1 (C-OH stretching vibration) and those for Pb(II)-IIPs/Na 2 Ti 3 O 7 at 1080 cm -1 shows that the C-OH stretching vibration became weaker because of the chelation of Pb(II) ions with hydroxy groups. The peak at ca. 3440 cm -1 (Figure 2 , trace c) corresponds to the Ti-OH group on the surface of Na 2 Ti 3 O 7 which reacts with the silantriol groups in KH-560, as shown in Figure 1 .
SEM characteristics
The surface morphologies of Na 2 During the process of blending CTS and Pb(II) ions, the latter coordinated to CTS resulting in a CTS array with a specific geometry around the template Pb(II) ion. When KH-560 containing trimethoxy groups was added, the CTS-Pb(II) complex would be involved in a cross-linking process. The resulting product, i.e. a dense coating layer, may be successfully grafted onto the surface of Na 2 Ti 3 O 7 . Comparison of the morphology of non-IIPs/Na 2 Ti 3 O 7 [ Figure 3 (c)] and Pb(II)-IIPs/Na 2 Ti 3 O 7 [ Figure 3(d) ] indicates that the latter had a rougher surface than non-IIPs/Na 2 Ti 3 O 7 . This may be attributed to the leaching of Pb(II) ions from the surface of the organic-inorganic hybrid polymer, leaving behind some cavities exhibiting selectivity to the template Pb(II) ions, so that the Pb(II)-IIPs/Na 2 Ti 3 O 7 exhibited a selective adsorption capacity towards Pb(II) ions.
Influence of elution conditions on Pb(II) ion recovery
Optimizing the elution conditions for removing Pb(II) from Pb(II)-IIPs/Na 2 Ti 3 O 7 is a critical step in the preparation of Pb(II)-IIPs/Na 2 Ti 3 O 7 . For this purpose, aqueous solutions containing different concentrations of HNO 3 , HCl and H 2 SO 4 were prepared in order to determine the most appropriate elution solvent. The results obtained are shown in Figure 4 . As can be seen from the figure, quantitative elution was attained using 1.0 mol/ᐉ HNO 3 .
Influence of pH and adsorbent dosage on the adsorption of Pb(II) ions onto Pb(II)-IIPs/Na 2 Ti 3 O 7
A column method was employed to determine the influence of pH over the range 1-7 on the adsorption process. It was found that the adsorption of Pb(II) ions onto Pb(II)-IIPs/Na 2 Ti 3 O 7 increased as the pH was increased from 1 to 6, but decreased slightly when the pH was increased further to 7. The maximum adsorption extent was obtained at pH 6 [see Figure 5(a) ]. The effect of the dosage of Pb(II)-IIPs/Na 2 Ti 3 O 7 within the range 0.1-1.0 g on the adsorption of Pb(II) ions, employing 50.0 mᐉ of 2 mg/ᐉ Pb(II) ion solutions at a pH value of 6.0, is shown in Figure 5(b) . Such adsorption increased as the adsorbent dosage increased from 0.1 g to 0.4 g, and attained a maximum value of 98% when the dosage attained a value of 0.4 g.
Adsorption capacity
The adsorption capacities of Pb(II)-IIPs/Na 2 Ti 3 O 7 and non-IIPs/Na 2 Ti 3 O 7 towards Pb(II) ions were investigated employing static adsorption methods. For Pb(II)-IIPs/Na 2 Ti 3 O 7 , the amount of Pb(II) ions adsorbed per unit mass of adsorbent increased almost linearly with the initial concentration of Pb(II) ions employed (see Figure 6 ). As the initial Pb(II) ion concentration increased, the corresponding plateau values (adsorption capacities) correspondingly increased to a maximum Pb(II) ion concentration of 350 mg/ᐉ, which represents saturation of the active binding cavities on Pb(II)-IIPs/Na 2 Ti 3 O 7 . The maximum adsorption capacity was 18.4 mg/g. For the non-imprinted beads, the amount of Pb(II) ions adsorbed per unit mass of the polymer was obviously lower than that for Pb(II)-IIPs/Na 2 Ti 3 O 7 , which may due to the fact there were no active binding cavities on the non-imprinted beads so that only physical adsorption occurred.
Selectivity studies
The values of K d , k and k′ for the adsorption of Pb(II) ions by non-IIPs/Na 2 Ti 3 O 7 and Pb(II)-IIPs/Na 2 Ti 3 O 7 under the same conditions are summarized in Table 1 . A comparison of the values of k obtained for non-IIPs/Na 2 Ti 3 O 7 and Pb(II)-IIPs/Na 2 Ti 3 O 7 showed a significant increase in Pb(II) ion adsorption by the latter adsorbent. The much higher adsorption selectivity towards Pb(II) ions exhibited by Pb(II)-IIPs/Na 2 Ti 3 O 7 may be attributed to the imprinting effect. In contrast, the absence of a special cavity size and specific binding sites with functional groups in a pre-determined orientation, leads to non-IIPs/Na 2 Ti 3 O 7 exhibiting values of K d less than unity. The value of k′ recorded in Table 1 provides an indication of the enhanced adsorption affinity of the recognition sites to the template Pb(II) ion. The results show that the K d values exhibited by Pb(II)-IIPs/Na 2 Ti 3 O 7 were greater than those of the non-IIPs/Na 2 Ti 3 O 7 adsorbents. This finding is consistent with the fact that the selectivity of Pb(II)-IIPs/Na 2 Ti 3 O 7 was significantly higher than that of the corresponding non-IIPs/ Na 2 Ti 3 O 7 . This means that Pb(II) ions can be determined even in the presence of Cd(II), Co(II), Cu(II), Hg(II), Mg(II), Mn(II), Ni(II) and Zn(II) ions.
Statistical and calibration parameters
The Pb(II)-IIPs/Na 2 Ti 3 O 7 pre-concentration procedure led to a linear calibration curve over the concentration range 0.010-8.000 mg/ᐉ. Similarly, 13 replicate determinations of 0.1 mg/ᐉ Pb(II) ion solutions gave a relative standard deviation of 3.1%. The limit of detection corresponding to three times the blank standard deviation was found to be 4.2 ng/ᐉ. The regression equation (after pre-concentration) was A = 42.5551C Pb(II) -0.1875 (R 2 = 0.9998), where the enrichment factor, A, is defined as the ratio of the slopes of the linear section of the calibration graphs before and after pre-concentration. During the experiments, Pb(II)-IIPs enabled the selective extraction of Pb(II) ions from a complex matrix, and after repeating the adsorption/desorption cycle eight times, the adsorption capacity of Pb(II)-IIPs/Na 2 Ti 3 O 7 towards Pb(II) ions had only decreased by 3.5%. These results suggest that the Pb(II)-IIPs/Na 2 Ti 3 O 7 adsorbents may be used several times without any considerable loss of adsorption capacity.
Determination of Pb(II) ions in environmental samples
Sample solutions of various traditional Chinese medicines containing Pb(II) ions were prepared as described in Section 2.6 above. Of these sample solutions, 50.0 mᐉ was introduced onto Pb(II)-IIPs/Na 2 Ti 3 O 7 in the same manner as described for aqueous solutions containing Pb(II) ions. The results obtained, as well as the percentage recovery, are listed in Table 2 . 
CONCLUSIONS
This paper describes a selective and sensitive method for the determination of trace levels of Pb(II) ions using Pb(II)-IIPs functionalized with Na 2 Ti 3 O 7 (prepared by a surface-imprinting
